Although, poly(dimethylsiloxane) (PDMS) is a widely used material in numerous applications, such as micro-or nanofabrication, the method of its selective etching has not been known up to now. In this work authors present two methods of etching the pure, additive-free and cured PDMS as a positive resist material.
4.
scissioning happens in the polymer, the main Si-O-Si chain brakes, functional groups split and the volatile products (e.g. H2, CH4 and C2H6 gases) leave the irradiated volume [20, 21] . As a result of these processes, PDMS shrinks at the place of irradiation and the initially elastic polymer becomes a rigid, brittle and glass-like material [15] . Since the cured PDMS is chemically very resistant, it has been unknown how to selectively etch the modified areas to create micro/nanostructures directly in the polymer.
Some studies show that cured and unirradiated PDMS resists potassium hydroxide (KOH) solution relatively well. Brugger et.al. used PDMS seal rings during etching of silicon wafers with KOH solution at 60 o C [22] . In these experiments, the PDMS rings were reused many times after more than 30 hours of etching. Mata et.al. found that shallow PDMS microstructures damage after immersing them into KOH solution for 27 hours [23] .
The above result show that cured poly(dimethylsiloxane) withstands KOH solution for an extended period of time, but it is also known that amorphous silicon, crystalline silicon and SiO2 can be selectively etched by the same solution [24, 25] . Since the irradiation degrades the polymer significantly which becomes glass-like, and SiOx forms [21] , we expected that the reaction rate of KOH with the degraded PDMS would increase. In many applications potassium hydroxide is almost interchangeable with sodium hydroxide (NaOH). The two substances have very similar chemical properties, so we tested and compared the performance of both in etching irradiated PDMS. The result of this study is the subject of this paper.
Since the method of selective etching of PDMS as a positive tone resist has not been known up to know, these results may be of high importance in various micro-and nanolithography techniques. Our findings make possible the direct / maskless creation of micro-and nanostructures, microfluidic systems or even lithography masks in fewer steps, without the need of molds, directly in cured PDMS.
5.

Material and methods
To create the samples, Sylgard 184 kit (Dow-Corning) was used. The base polymer and the curing agent were mixed with the volume ratio of 10:1, respectively, spin coated on glass substrates in 7 m and 45 m thicknesses and baked at 125 •C for 30 min.
The samples were irradiated by a 2 MeV focused proton beam at the nuclear microprobe facility at HAS-ATOMKI, Debrecen, Hungary [26] . The size of the beam spot was 2.5 m × 2.5 m, the scanning resolution of the irradiated patterns (i.e. the distance between neighbouring pixels) was ~1 m. Since the beam spot was larger than the scanning resolution, the beam spot overlaps with itself multiple times when scanning neighbouring pixels. SRIM [27] calculations showed that the penetration depth for 2 MeV protons is ~85 m in PDMS.
Since the polymer layer is much thinner than the maximal penetration depth, the particles easily penetrate through the resist layer without considerable lateral scattering making the creation of vertical sidewalls possible. To test if the etching method works and to find the ideal irradiation and etching parameters, 7 m thick samples were irradiated with 15 To remove the irradiated areas of the cured PDMS, 30 wt% Potassium Hydroxide (KOH) and 30 wt% sodium hydroxide (NaOH) were used. The samples were placed in one of these solutions for various times to find the best etching parameters. Since the temperature of the solutions was 70 o C in every case, the beaker needed to be covered to avoid evaporation 6.
and thus the change of the concentration of the etchant. The solutions were continuously stirred magnetically during etching.
The decontamination of the structures following etching was done by immersing them into 5:1:1 H2O:H2O2:HCl solution for 2 minutes and then they were rinsed in distilled water.
The etched structures were investigated by optical microscopy and scanning electron microscopy (SEM).
Results and Discussion
A fluence test sample, that was irradiated with fifteen parallel lines and each line received different fluences, was attempted to etch at room temperature in 30 wt% KOH and 30 wt% NaOH. The etchant was stirred continuously and the progress of etching was recorded in every 5 minutes. After 50 minutes, no etching was observed at any fluences in either etchants.
This experiment was repeated at elevated temperatures. The observations show that in this case both KOH and NaOH etches effectively the irradiated areas of the cured PDMS while the unirradiated parts do not etch away. This indicates that the etching rate of the irradiated PDMS is highly dependent of the temperature of the KOH and NaOH solutions.
The etching in both cases was found to be isotropic and homogenous.
Etching with Potassium Hydroxide (KOH)
A fluence test sample was taken out from the KOH solution after certain period of times. After each time, the advancement of the etching process have been investigated. The cured PDMS is quite resistant to the KOH solution, while the irradiated areas etch quickly. As it was shown earlier, the degradation of poly(dimethylsiloxane) increases with increasing fluences [21] . Considering this, the above observation is surprising because it means that the etching rate of the irradiated PDMS does not change according to the degree of degradation of the polymer matrix. There is apparently an optimal change in the structure of the polymer that is needed to achieve the highest reaction rate with KOH and thus the highest etching speed. This optimal change in the structure of the polymer can be assigned to a certain fastest etching occurs at around the fluence of 7.5×10 15 ion × cm -2 (12 000 nC×mm -2 ), below and above this fluence the etching rate is lower.
After the above observations, the etching was continued. The sample was placed back into KOH and after every minute the advancement of the etching was recorded. The results
show, that the structures with different fluences needed different times to etch completely.
The calculated etching rates in the function of the delivered charge densities are shown in Table 1 and Figure 2 . 10.
In case of the structures that were irradiated with more than 8.02×10 15 ion × cm -2 (12 830 nC×mm -2 ) fluence, the etching occurred faster along the edges of the structures than the inside parts (Figure 3. ). The reason for this is that the beam spot is larger than the lateral resolution of the irradiation, so during scanning neighbouring pixels the beam spot overlaps multiple times. The number of overlappings is less along the edges of the structure, so these areas receive lower fluence. As shown in Figure 2 , above approximately 7.5×10 15 ion × cm -2 (12 000 nC×mm -2 ) fluence the etch rate decreases with increasing fluences. Since the fluence is lower along the edges of the structures, these areas etch faster than the inside parts. Other samples were also created with different test structures, such as various diameter circles, dots matrices, squares and parallel lines (Figure 4 ).
11. 12.
It was also found that 98% sulfuric acid etches away the unirradiated PDMS while it keeps the irradiated areas, making thus the etching of PDMS as a negative tone resist possible.
This finding is studied in details in a separate paper. 
Etching with sodium hydroxide
Since sodium hydroxide and potassium hydroxide has similar chemical properties, the etching behaviour of NaOH was expected to be similar to that of KOH. The development procedure of the fluence test sample was the same as in case of KOH etching, the results are summarized in Table 2 . and Figure 2 . Table 2 . Etching irradiated PDMS with NaOH: times needed to etch through a 7 m thick layer and the calculated etching rates in the function of the delivered fluence
As it can be seen in Figure 2 ., the etch rate curve for NaOH has similar character to that of KOH, but the etching rates are about 1.5 -2 times lower at every fluences. The highest etch rate was found at about 8.89×10 15 ion × cm -2 (14 240 nC×mm -2 ) fluence, which was a little higher than in case of KOH. Since the etching was slower above this fluence, similarly to the case of KOH etching, higher fluence samples etched faster along its edges. SEM images showed that the smoothness and quality of the sidewalls improved with increasing fluences.
14. 
Conclusions
In this work, we are presenting a method how irradiated PDMS can be selectively etched as a positive tone resist material. Because PDMS is easy to handle, it is widely used as a negative resist material in electron beam lithography as well as in proton beam lithography to create different patterns and to prototype different hard masks for special applications.
Since the application of PDMS as a positive tone resist has numerous potential advantages in micro-and nanopatterning, lots of efforts were done to develop a method that makes this possible.
15.
In this study, PDMS was irradiated with 2 MeV protons with various fluences and the irradiated areas were etched with KOH and NaOH solutions. This shows that the etching rate strongly depends on the temperature of the etchant.
It was also observed that the smoothness and quality of the sidewalls improves with increasing fluences.
In case of those structures that received more fluence than the value where the maximal etching rate occurs, the edges of the structures etch faster than their inside parts. This is caused by the overlappings of the beam spot. Since the dimension of the beam spot is larger than the lateral resolution of the irradiation, so during scanning neighbouring pixels the beam spot overlaps multiple times. The number of overlappings is less along the edges of the structures, so these areas receive lower fluence. Since at high doses the etching rate increases with decreasing fluences, the edges will etch faster than the inside parts of the structures.
Various test structures were created with 1. 16. 
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